The thin films of undoped GaN, GaN:Si, and Al 0.12 Ga 0.88 N on sapphire (0001) substrate using nanoindentation are investigated. The Young's modulus, hardness, and plastic energy of the films were calculated from the loading-unloading curve. The true hardness, maximum shear stress, and degree of elastic recovery are then deduced from the preceding calculated data. In addition, the loadingunloading curve clearly shows the pop-in phenomena, which can be attributed to the dislocation nucleation. To better understand the factors affecting the quality of films produced, the stress-strain relationship, which is able to reflect the quality of the fabricated films, is also analyzed using nanoindentation.
INTRODUCTION
The nitrides of the wide-bandgap III semiconductors have drawn a lot of attraction because of their applications in blue-green and ultraviolet lightemitting diodes and lasers. [1] [2] [3] [4] [5] In addition, GaN and AlGaN are promising materials for optical and electronic devices, such as short-wavelength optical devices 6 and high-power, high-temperature transistors. 7 Despite their advantages, however, there are serious problems still to be overcome in the applications of GaN and AlGaN thin films. For example, crack-free, high-quality, III-nitride thin films are difficult to grow. 4 Therefore, to avoid the previously mentioned shortcomings, it is essential to have knowledge of the mechanical properties of these materials. In the past decade, the nanoindentation technique is the most frequently used to quantify thin-film properties, such as Young's modulus and hardness, within a submicron scale. 8, 9 In the standard indentation experiments, a Berkovich pyramid-shaped diamond tip is used to drive into the specimen and, using N loads that produce submicrometer indentation penetration depths, allow the properties of thin films to be measured without taking away the substrate. Obviously, this technique has become an important tool for material characterizations and can readily obtain the Young's modulus and hardness of thin films under different loads from their load-displacement (P-h) curves. 10 One of the greatest challenges for the application of thin films is how to evaluate their mechanical properties, which can then serve as a reference for improvements in manufacturing films. The technique of nanoindentation was employed to measure the Young's modulus and hardness of some materials. [11] [12] [13] [14] However, the previous studies lacked research on mechanical properties, such as the stress-strain relationship. Because the stress-strain relationship plays an important role in understanding the inner stress of thin films, it is interesting to study the stress-strain relationship of III nitrides to obtain the true hardness, maximum shear stress, degree of elastic recovery, etc. of these materials. The plastic energy, hardness, and maximum shear stress of these thin films on a sapphire (0001) substrate will be calculated from the loading-displacement (P-h) curves. The degree of elastic recovery and the stressstrain relationship curve will also be deduced from the results of nanoindentation. These data will be useful in the design and control of the parameters of the growth process of thin films.
The primary focus of this study is to provide insight into the physical characteristics of GaN, GaN: Si, and Al 0.12 Ga 0.88 N thin films deposited by the metal-organic chemical-vapor deposition (MOCVD) method, and their properties are characterized by means of the nanoindentation technique.
EXPERIMENTAL DETAILS
To fabricate the films, a 25-nm-thick, GaN-buffer layer was first grown directly on the sapphire (0001) substrate by low-temperature deposition (520°C). This improves the structural properties of the film. Then, GaN (2-m thick), GaN:Si (Si doped with a carrier concentration of about 3 ϫ 10 17 cm Ϫ3 ; 2-m thick), and Al x Ga 1-x N (x ϭ 0.12, 1-m thick) films were grown on top of the buffer layer, respectively, by MOCVD at 1,120°C, using ammonia (NH 3 ), trimethylgallium (TMGa), and trimethylaluminium (TMAl) as the nitrogen, gallium, and aluminium sources, respectively.
The nanoindentation test is a powerful technique for measuring thin-film mechanical properties and can provide precise measurements of the continuous indentation load, P, down to the micro-Newton level, and the indenter-penetration depth, h, down to the nanometer level. An indenter-penetration depth of Ͻ10% of the film's thickness will be used to avoid the area of interaction between the film and substrate. 10 In the following, all depth-sensing indentation experiments are performed by means of the Nanoindentation System (Hysitron Triboscope, Hysitron Inc., Minneapolis, MN) and performed at room temperature. Load-controlled indentation testing followed a trapezoidal-loading profile with a hold time of typically 10 sec at peak load. Peak loads ranged from 100 to 1,000 N at a loading rate of 10 N/sec. The diamond indenter was a Berkovich tip (triangular-pyramid probe) with a tip radius of 100 nm.
RESULTS AND DISCUSSION
A typical, continuous load-displacement (P-h) curve enables us to evaluate Young's modulus and hardness. The term E r , the indentation modulus, is introduced to balance the Young's modulus of the film, E f , and that of the diamond indenter, E i : 15
(1) where S ϭ dP/dh is the slope at the beginning of the unloading curve, and A c is the corresponding projected-contact area, in addition v f and v i are, respectively, Poisson's ratio of film and indenter. For diamond, E i ϭ 1,140 GPa and v i ϭ 0.07. As is commonly done, we assume that v f is 0.25. 13, 14 As the indentation depth of the diamond tip continues to increase, the load curve starts to go up until it reaches a maximum depth. After reaching the maximum depth, the tip begins to unload and return to its original position. The intersection of the tangential line of the unloading curve with the x-axis is used to define the plastic-indentation depth, h p . 15 A key problem when determining an elastic modulus from an indention experiment is how to measure the projected-contact area, A c . Oliver and Pharr 15 developed an improved technique for the measurement of indentation impressions. They used data directly drawn from the indentation curve and correlated the projected-contact area, A c , by an appropriate area function. The area function for an ideal Analysis of Physical Properties of III-Nitride Thin Films by Nanoindentation 497
Berkovich indenter was thoroughly explored using the procedure that can be found in Ref. 15 and was employed in this study. Further discussion of the projected-contact area to contact-depth relationship is , where is the contact depth, h max is the maximum depth, P max is the maximum load, and S max is the slope of the unloading curve at the maximum load. The analysis software of the Hysitron TriboScope System has the capabilities to perform the automatic calculation of nanomechanical properties, automated correction for tip calibration, and so on. Our experiment procedures also followed the TriboScope software package suggested calibration standards. Hardness (H) is determined by applying a maximum indentation load, P max , to a probe of a prescribed sharp Berkovich tip (which is a three-sided pyramidal-diamond tip) driving it into the films. Thus, H is given by dividing P max by the projectedcontact area, 15 i.e.,
The Young's modulus of deposited films can be derived during the nanoindentation process by Eq. 1, as mentioned previously. The Young's modulus changes with the relative penetration depth, indicating that the indenter deforms not only the film but also the substrate, and can be measured because of the large indentation depth with the appreciable substrate effects. The Young's modulus and hardness of GaN, GaN:Si, and Al 0.12 Ga 0.88 N were calculated under loads of 1-3 mN (Fig. 1) . The Young's modulus of GaN, GaN:Si, and Al 0.12 Ga 0.88 N are 274. 
